Diabetic retinopathy (DR) and neuropathy are leading causes of blindness and pain in industrialized nations. The early stages of DR are characterized by vascular abnormalities (permeability, nonperfusion, and degeneration) and degeneration of some retinal neurons ([@B1],[@B2]). The progressive degeneration of retinal capillaries in diabetes can cause retinal ischemia, which then stimulates the subsequent neovascular response characteristic of advanced DR ([@B3],[@B4]). Inflammatory markers are also increased in retinas from diabetic patients and animals, and our previous studies have shown that systemic inhibition of inflammation using germline deletion of inducible nitric oxide synthase (iNOS) or an inhibitor of poly(ADP-ribosyl) polymerase (PARP1) significantly inhibited the capillary degeneration and other early lesions of DR in animals ([@B4]--[@B6]).

Both iNOS and PARP1 are important proteins in inflammation and immunity ([@B7],[@B8]). iNOS is the primary source of nitric oxide (NO) in activated leukocytes, and NO is involved in subsequent modification of protein function (such as nitration or nitrosylation) and enhanced generation of reactive species (including superoxide and reactive nitrogen species) ([@B9]--[@B11]). PARP1 is a nuclear enzyme that ADP-ribosylates proteins and has important roles in both DNA repair and nuclear factor-κB--mediated transcription of proinflammatory genes ([@B12],[@B13]).

Most studies to date have focused on cells of the retina and its vasculature as the main sites for the biochemical abnormalities that cause diabetes-induced retinopathy. Leukocytes become abnormal in diabetes and adhere to and occlude some blood vessels ([@B14],[@B15]). Moreover, whole-body deletion of intercellular adhesion molecule-1 (ICAM-1) or CD18 inhibited development of early DR ([@B16]). How this effect was mediated, and whether this finding implicated only marrow-derived cells in the development of the retinopathy, remained unclear. To directly test the contribution of inflammation (specifically proinflammatory processes within myeloid-derived cells) in development of the early stages of DR, we generated chimeric mice that lacked either iNOS or PARP1 only in their marrow-derived cells.

Some diabetic patients develop a hypersensitivity to light touch (tactile allodynia) that can result in pain and discomfort ([@B17]). Germline deletion of iNOS or PARP1 or treatment with PARP1 inhibitor significantly inhibits diabetes-induced tactile allodynia ([@B18],[@B19]). Microglia (marrow-derived cells) in the spinal cord have been implicated in diabetes-induced allodynia in mice ([@B20]). Therefore, we used chimeric animals in which iNOS and PARP1 had been deleted from marrow-derived cells to study the role of leukocytes also in the development of a diabetes-induced neural complication.

RESEARCH DESIGN AND METHODS {#s1}
===========================

Animals. {#s2}
--------

Experiments conformed to the guidelines of the Association for Research in Vision and Opthalmology (ARVO) and Case Western Reserve University (CWRU). Offspring from breeder pairs of wild type (WT; C57Bl/6J), iNOS^−/−^ (B6.129P2-*Nos2^tm1Lau^*/J), GFP (C57BL/6-Tg\[ACTB-EGFP\]1Osb/J), and PARP1^−/−^ (129S-*Parp1^tm1Zqw^*/J) (The Jackson Laboratory) were housed in air-filtered units. Diabetes was induced in male mice with streptozotocin (55 mg/kg) and maintained with 0.1--0.2 units of NPH insulin (0.0217 ± 0.0037 units/g/week/mouse) ([@B6],[@B21],[@B22]). Hyperglycemia was quantified via blood glucose concentrations, and every 2--3 months by glycated hemoglobin levels (Variant II total GHb Program; Bio-Rad).

Recipient mice (nondiabetic or diabetic for 2 weeks) were irradiated with two 600-rad doses, 3 h apart, and injected intravenously with 3--5 million bone marrow cells from donor mice. Chimeras lacking iNOS, PARP1, or the receptor for granulocyte colony stimulating factor (G-CSFR) only in their marrow-derived cells were generated by transplanting marrow from iNOS^−/−^, PARP1^−/−^, or G-CSFR^−/−^ donors into irradiated WT (C57Bl/6J) hosts (identified for example as iNOS^−/−^→WT; names to the left and right of arrow refer to marrow donor and recipient, respectively). "Reverse" chimeras lacking iNOS or PARP1 in all cells except marrow-derived cells were generated by transplanting marrow from WT donors into irradiated iNOS^−/−^ or PARP1^−/−^ hosts (WT→iNOS^−/−^). To control for irradiation and chimeric procedures, we generated chimeras in which marrow from WT or mice expressing green fluorescent protein (GFP) was transplanted into WT recipients (WT→WT and GFP→WT, respectively), and in some cases the head of the recipient was shielded with lead during irradiation.

Leukostasis. {#s3}
------------

Leukocytes adherent to retinal vessel walls after perfusion were labeled with fluorescein isothiocyanate (FITC)--concanavalin A (Vector) and counted ([@B6],[@B21],[@B22]).

Immunohistochemistry. {#s4}
---------------------

Retinas perfused with concanavalin A were fixed (paraformaldehyde, 0.03% Triton X-100; 4 h), washed (PBS), and blocked (2× PBS, 0.03% Triton X-100, 20% goat serum, 5% BSA) ([@B23]). Flat-mounted retina were stained using anti--collagen-IV (Abcam); concanavalin A (Vector); CD45 (Calbiochem); IBA-1 (Wako); GFP (Rockland); Nimph-R14, 7/4 (AbD-Serotech); MHCII-IA/IE, CD11b, B220, and CD4/CD8a (eBioscience); PE (Rockland); rabbit (Jackson ImmunoResearch); and rat IgG2b and rat IgG2a (AbD-Serotech).

mRNA and DNA. {#s5}
-------------

mRNA was extracted from retina using RNeasyPlus Mini kits (Qiagen). cDNA was generated with SuperScript-III First-Strand System (Invitrogen) followed by RT-qPCR (Applied Biosystems): iNOS-F1, TCT-TTG-ACG-CTC-GGA-ACT-GTA-GCA; iNOS-R1, TAG-GTC-GAT-GCA-CAA-CTG-GGT-GAA; TNF-α-F1, CAT-CTT-CTC-AAA-ATT-CGA-GTG-ACA-A; TNFα-R1, TGG-GAG-TAG-ACA-AGG-TAC-AAC-CC; COX-2-F1, CAC-AGC-CTA-CCA-AAA-CAG-CCA; COX-2-R1, GCT-CAG-TTG-AAC-GCC-TTT-TGA; 18S-F1, ACT-CAA-CAC-GGG-AAA-CCT-CAC-C; 18S-R1, CCA-GAC-AAA-TCG-CTC-CAC-CAA-C; ICAM-1-F1, GCC-TTG-GTA-GAG-GTG-ACT-GAG; ICAM-1-R1, GAC-CGG-AGC-TGA-AAA-GTT-GTA.

DNA was extracted from blood using DNeasy kit (Qiagen) and amplified with PCR Supermix (Invitrogen): PARP1-F1, CGA-CAT-GGT-GTC-CAA-AAG-TG; PARP1-R1, GGT-GGT-TTT-TCC-CAA-ACC-TT; iNOS-F1, CAG-CTG-GGC-TGT-ACA-AAC-CTT; iNOS-R1, CAT-TGG-AAG-TCA-AGC-GTT-TCG.

Coculture. {#s6}
----------

Mouse retinal endothelial cells (mRECs; generated from Immortomice) ([@B24]) were grown in Dulbecco's modified Eagle's medium containing 10% FBS and 5.5 or 25 mmol/L glucose. The medium was changed every other day for 5 days. When mRECs were 80% confluent (500,000 cells), leukocytes (100,000; purified from blood or bone marrow with red blood cell lysis buffer) were added to the mRECs and incubated for 24 h. Leukocytes (bone marrow) in some groups were preincubated with 1 mmol/L α-lipoic acid or 1 μg anti--Fas ligand (anti-FasL) (BD) for 1 h. After 24 h, mRECs were gently rinsed with PBS to remove leukocytes, incubated with trypsin for 2 min, and washed twice in PBS. The viability of mRECs was measured by trypan blue exclusion with a hemocytometer. Sample identity was masked during counting.

Leukocytes, isolated from EDTA-anticoagulated peripheral blood (red blood cell lysis buffer), were depleted of specific subsets using anti-Ly6G or CD115-PE (eBiosciences) and anti-PE magnetic beads with an Automax system (Miltenyi). Aliquots of the leukocyte preparation before and after immunodepletion were used in the coculture assay described above. Depletion was verified via flow cytometry using anti--B220-450, CD11b-488, CD115-PE, GR1-649, and CD4/CD8a-APC/750 (eBioscience). B220^+^ and CD4/CD8a^+^ cells were excluded from the analysis of GR1^+^ and CD11b^+^ cells.

Superoxide. {#s7}
-----------

Leukocytes, mRECs (after coculture with leukocytes), or retinas from perfused mice were incubated in Krebs-HEPES buffer (with 5 or 25 mmol/L glucose) (25 min, 37°C, 5% CO~2~). Luminescence was measured 5 min after the addition of 0.5 mmol/L lucigenin, as previously described ([@B6],[@B25]). mREC luminescence values were normalized to the value of mREC (high glucose, no leukocytes) controls for each assay.

Histopathology. {#s8}
---------------

Degenerate capillaries and pericyte loss ("pericyte ghosts") were quantified in six to eight fields in the midretina (×400 magnification) of fixed, trypsinized retina as previously reported ([@B3],[@B26]). Retinal thickness and number of cells in the ganglion cell layer were measured in formalin-fixed, paraffin-embedded eyes sectioned at the optic nerve with light microscopy ([@B6]).

iNOS and CD18 expression. {#s9}
-------------------------

Peripheral blood from carbon dioxide--anesthetized mice was fixed (20 min, 2% paraformaldehyde on ice), stained with CD11b-PE, anti-iNOS (M-19/*N*-20, Santa Cruz), anti--rabbit-488 (Jackson ImmunoResearch), and the antibodies above (except CD115), and analyzed via flow cytometry ([@B27]). CD18 surface expression was similarly evaluated using CD18-PE (eBioscience).

Tactile allodynia. {#s10}
------------------

Allodynia was measured using previously reported techniques ([@B28],[@B29]). Data are reported as the pressure at the 50% paw withdrawal threshold for each animal in response to Von Frey filaments (Stoelting) of logarithmically increasing stiffness.

Statistical analysis. {#s11}
---------------------

Groups were compared using ANOVA followed by Fisher post hoc test to generate *P* values. Error bars in graphs represent plus or minus one ±1 SD. Sample sizes are indicated in the figure legends or in the figure. Due to differences in donor background strains, PARP1^−/−^→WT and WT→WT chimeras were not compared.

RESULTS {#s12}
=======

Evaluation of diabetes and chimeric mice. {#s13}
-----------------------------------------

Experimental induction of diabetes using streptozotocin resulted in a statistically significant (*P* \< 0.05) elevation of blood glucose (335 ± 44 vs. 124 ± 9 mg/dL for nondiabetic controls) and glycated hemoglobin (11.4 ± 0.7 vs. 2.9 ± 0.2% for nondiabetic controls). None of the diabetic groups varied significantly from the diabetic controls with respect to these measurements.

Ten weeks after the marrow transplantation, \>94% of the white blood cells in the chimeric animals came from the marrow donor, based on PCR measurements of iNOS or PARP1 DNA or counts of GFP-positive cells in GFP→WT animals. There were no significant differences among diabetic groups with regard to hematocrit (41 ± 0.8%) or circulating white blood cell count (3.6 ± 0.4 million cells/mL). All chimeras were found to be healthy except for WT→PARP1^−/−^, which died within 2 months of irradiation. PARP1 is important in DNA repair, and therefore we assume that irradiation of PARP1^−/−^ mice caused severe damage to DNA, resulting in reduced life expectancy.

Molecular processes regulated by iNOS or PARP1 within marrow-derived cells are major causes of the degeneration of retinal capillaries in diabetic mice. {#s14}
--------------------------------------------------------------------------------------------------------------------------------------------------------

Thirty weeks after the onset of diabetes, retinas from diabetic animals (both nonirradiated WT and WT→WT) developed the expected significant increases in degenerate (acellular) capillaries (3.1- and 2.5-fold above nondiabetic values, respectively) ([Fig. 1](#F1){ref-type="fig"}) and pericyte loss ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1249/-/DC1)). These abnormalities are characteristic lesions of the early stages of DR ([@B5],[@B14],[@B16],[@B30]--[@B34]). In contrast to WT and WT→WT diabetic animals, development of degenerate capillaries was significantly inhibited in diabetic iNOS^−/−^→WT chimeras (reduced to 1.3-fold above nondiabetic). Vascular pathology in diabetic WT→iNOS^−/−^ (reverse) chimeras was similar to the diabetic WT→WT controls (2.2-fold above nondiabetic), indicating that capillary degeneration was more dependent on iNOS in marrow-derived cells than in retina neuroglia. Capillary degeneration in diabetic PARP1^−/−^→WT animals likewise was only slightly (although significantly; 1.3-fold) greater than the nondiabetic value, suggesting inhibition of diabetes-induced capillary degeneration secondary to deleting PARP1 from leukocytes. This interpretation must be tempered by the recognition that the C57Bl/6 strain is not a perfect control for the 129S strain from which the PARP1 was deleted (see [[discussion](#s21){ref-type="sec"}]{.smallcaps}). No significant differences in retinal capillary loss were found between nondiabetic chimeras or between nondiabetic irradiated and nonirradiated controls, indicating that the irradiation process did not increase capillary loss.

![Diabetes-induced retinal vascular pathology is inhibited in chimeric mice lacking either iNOS (iNOS^−/−^→WT) or PARP1 (PARP1^−/−^→WT) in bone marrow--derived cells only. *A*: Degeneration of retinal capillaries is significantly inhibited in iNOS^−/−^→WT or PARP1^−/−^→WT mice, but not in "reverse" chimeras (lacking these enzymes throughout the body except marrow-derived cells; WT→iNOS^−/−^; WT→PARP1^−/−^ was lethal) (*n* = 6). No significant differences in retinal capillary loss were found between nondiabetic chimeras or between nondiabetic irradiated and nonirradiated controls. *B*: Degenerate capillaries (thick arrow) and rare pericyte "ghosts" (thin arrows) in the retinal vasculature. Diabetes duration was 30 weeks. Nondiabetic, white bars; diabetic, black bars (*n* \>6 per group).](3294fig1){#F1}

The number of capillary pericyte ghosts was not significantly different between diabetic controls and diabetic chimeras lacking iNOS or PARP-1 ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1249/-/DC1)); however, an unexplained variability in pericyte loss in some groups of nondiabetic chimeras confounded the ability to assess the effect of diabetes in the various groups.

Thirty weeks of diabetes did not significantly alter either retinal thickness or the number of cells in the ganglion cell layer ([Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1249/-/DC1)) in the WT C57Bl/6 mice, so the effect of diabetes on these parameters in the chimeras was not assessed.

Effect of iNOS and PARP1 on retinal superoxide in diabetes. {#s15}
-----------------------------------------------------------

It has been reported previously ([@B21],[@B25],[@B35]) that diabetes results in the increased generation of superoxide by retinas of WT animals, and the ability of therapies to inhibit this increase predicted whether or not the therapy would inhibit diabetes-induced capillary degeneration ([@B6],[@B21],[@B35]). To differentiate superoxide generation by retinal cells from that of blood cells in the blood vessels, blood was removed by perfusion in chimeric mice (2 months diabetic). The number of residual leukocytes after perfusion (\<20 per retina) is not sufficient to account for the increase in retinal superoxide, because ex vivo measurement of superoxide with 100-fold more leukocytes (isolated from diabetic mice) yielded \<1% of the superoxide measured in the retina. The diabetes-induced increase in superoxide generation observed in retinas collected from perfused nonirradiated or WT→WT animals was significantly less in retinas collected from perfused iNOS^−/−^→WT or PARP1^−/−^→WT chimeras, but not in WT→iNOS^−/−^ chimeras ([Fig. 2*A*](#F2){ref-type="fig"}). Similarly, diabetes-induced superoxide production by leukocytes (bone marrow) was significantly increased in WT controls (3.5-fold above nondiabetic value) and in WT→iNOS^−/−^ (3.9-fold) (all *P* \< 0.05) but inhibited in iNOS^−/−^→WT or PARP1^−/−^→WT chimeras (both 1.2-fold, not significant).

![The diabetes- or glucose-induced increase in superoxide production is significantly inhibited in chimeric mice lacking either iNOS or PARP1 in marrow-derived cells only (iNOS^−/−^→WT or PARP1^−/−^→WT) but not in chimeric mice lacking iNOS in all cells except bone marrow (reverse chimera, WT→iNOS^−/−^). *A*: Retinal superoxide generation. Nondiabetic, white bars; diabetic, black bars. Duration of diabetes was 8--10 weeks. *n* as indicated below the graph. *B*: mRECs cocultured with leukocytes from diabetic animals generated more superoxide than mRECs cocultured with leukocytes from nondiabetic mice or mRECs in high-glucose culture media. This leukocyte-induced enhancement of mREC superoxide generation is inhibited if the leukocytes are isolated from diabetic mice deficient in iNOS. (Data were normalized to superoxide production of mRECs in high glucose, *n* = 5.) mRECs cultured in normal glucose media (no leukocytes), white bars with vertical stripes; mRECs cultured in high glucose media (no leukocytes), white bars with horizontal stripes; mRECs cocultured with leukocytes from nondiabetic mice, white bars; mRECs cocultured with leukocytes from diabetic mice, black bars. Duration of diabetes was 3 months.](3294fig2){#F2}

To investigate whether marrow-derived cells from diabetic animals might increase superoxide in capillary cells, mRECs were cocultured with peripheral blood leukocytes from nondiabetic or diabetic mice. mRECs cocultured with leukocytes from diabetic WT animals generated more superoxide than either mRECs cocultured with leukocytes from nondiabetic WT animals or mRECs grown in either high or low glucose media without leukocytes ([Fig. 2*B*](#F2){ref-type="fig"}). mRECs incubated with leukocytes from diabetic iNOS^−/−^→WT animals, in contrast, did not exhibit significant increases in mREC superoxide production compared with mRECs incubated with leukocytes from diabetic WT mice. We conclude that much of the diabetes-induced generation of superoxide measured in isolated retinas required involvement of marrow-derived cells.

Effect of iNOS and PARP1 in marrow-derived cells on diabetes-induced retinal markers of inflammation. {#s16}
-----------------------------------------------------------------------------------------------------

mRNA for iNOS, cyclooxygenase-2 (COX-2), tumor necrosis factor-α (TNF-α), and ICAM-1 ([Fig. 3*A*](#F3){ref-type="fig"}) and leukostasis ([Fig. 3*B*](#F3){ref-type="fig"}) were significantly increased at 2 months of diabetes in retinas from perfused WT mice, and these increases were significantly inhibited in diabetic iNOS^−/−^→WT and PARP1^−/−^→WT chimeras. The diabetes-induced increase in leukostasis was not significantly inhibited in WT→ iNOS^−/−^ reverse chimeras, demonstrating that iNOS in marrow-derived cells had more influence on leukostasis than iNOS in cells of the retina. There was a slight, but significant, increase in leukostasis caused by irradiation (nonirradiated, nondiabetic vs. WT→WT nondiabetic animals) ([Fig. 3*B*](#F3){ref-type="fig"}), which was observed in all nondiabetic chimeras (no significant change in leukostasis between irradiated, nondiabetic chimeras and the nondiabetic WT→WT control). Shielding the head during irradiation did not alter diabetes-induced retinal leukostasis compared with unshielded diabetic animals ([Supplementary Fig. 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1249/-/DC1)). Nevertheless, the deletion of iNOS or PARP from marrow-derived cells significantly inhibited diabetes-induced leukostasis compared with the similarly irradiated WT→WT diabetic animals, indicating that the inhibition of diabetes-induced leukostasis in iNOS- and PARP-deficient leukocytes was not due merely to irradiation.

![Diabetes-induced increases of mRNA (for molecules associated with inflammation) and leukostasis are significantly inhibited in chimeric mice lacking iNOS in marrow-derived cells only. *A*: The increase in diabetes-induced retinal mRNAs for iNOS, TNF-α, COX-2, and ICAM-1 is inhibited (compared with nondiabetic controls) in animals lacking iNOS in bone marrow--derived cells only. Diabetic chimeras lacking PARP1^−/−^ likewise are only slightly greater than their nondiabetic controls. WT, white bars with vertical stripes; iNOS^−/−^→WT, white bars with diagonal stripe; PARP1^−/−^→WT, white bars with horizontal stripes. Duration of diabetes was 8--10 weeks. *n* = 4 animals per group. All values were normalized to nondiabetic values of each group. Statistical comparisons indicated by horizontal bars lacking *P* values are all *P* \< 0.05. *B*: The diabetes-induced increase in leukocytes adherent to the interior lumen of retinal blood vessels is inhibited in animals lacking either iNOS or PARP1 in bone marrow--derived cells only. No significant differences in leukostasis were observed between nondiabetic chimera groups. Nondiabetic, white bars; diabetic, black bars. (Reverse chimera mice WT→PARP1^−/−^ animals died prior to experiment and thus were not included.) Duration of diabetes was 8--10 weeks. n as indicated below the graph. WBC, white blood cell.](3294fig3){#F3}

Leukocyte movement into the retina in diabetes. {#s17}
-----------------------------------------------

Having determined that myeloid-derived cells were involved in the pathogenesis of vascular lesions of the retina in diabetes, we next sought to assess if the retina might be damaged by a classical model of leukocyte-mediated infiltration and inflammation. We investigated if cells migrated out of the vasculature into neural retina using immunohistochemical techniques on flat-mounted retinas from both WT and GFP→WT chimeric mice at 10 and 30 weeks of diabetes. Neither CD45^+^ nor GFP^+^ cells were observed to be part of the vasculature. Outside of the vasculature of diabetic mice, we identified ramified IBA-1^+^ microglia and perivascular macrophages ([Supplementary Fig. 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1249/-/DC1)) and a small number of CD45^+^ cells, the majority of which were costained with concanavalin A, suggesting emigration post-profusion. Myeloid-derived microglia are known to migrate into the retina even in nondiabetic animals ([@B36]), and our quantification of movement of GFP^+^ microglia into the neural retina indicated that there was no effect of diabetes on the rate that these cells moved into the retina ([Supplementary Fig. 4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1249/-/DC1)). The apparent absence of leukocytes in the neural retina of diabetic mice was not due to technical problems, as we were able to detect 7/4^+^/MHCII^−^ (a putative neutrophil population) and 7/4^+^/MHCII^+^ (a putative monocyte population) leukocytes within the lumen of retinal blood vessels. Irradiation diminished the number of IBA-1^+^ microglia in the outer (but not inner) plexiform layer by 42% compared with nonirradiated, diabetic controls, despite having no effect on the severity of diabetes-induced retinal microvascular disease (diabetic WT→WT vs. diabetic, nonirradiated, WT animals) (data not shown). We interpret these data as indicating that it is unlikely that the microglia in the retina contribute appreciably to the diabetes-induced vascular injury, since a reduction in their number did not similarly reduce vascular pathology. Therefore, the retinal vascular damage in diabetes is likely attributed to the marrow-derived cells remaining within the blood vessels.

Mechanism of leukocyte-mediated retinal injury in diabetes. {#s18}
-----------------------------------------------------------

To investigate how capillary cells might be injured by marrow-derived cells from diabetic animals, mRECs were incubated with purified leukocytes (from bone marrow) from nondiabetic or diabetic mice. After 24-h coculture, the number of dead mRECs was significantly increased by leukocytes from WT diabetic mice compared with nondiabetic WT mice (independent of whether the endothelial cells had been incubated in 5 or 30 mmol/L glucose) ([Fig. 4](#F4){ref-type="fig"}). Since leukocytes might damage vascular endothelium via direct contact (such as via the Fas/FasL system) ([@B37],[@B38]) or release of soluble mediators such as superoxide ([@B39]), we examined both possibilities. The increase in endothelial death during coincubation with leukocytes from diabetic animals was significantly inhibited by addition of the antioxidant lipoic acid or a blocking antibody against FasL during the incubation. Coculture of mRECs with leukocytes from diabetic animals lacking iNOS resulted in fewer dead endothelial cells than did leukocytes from WT diabetic animals, and neither lipoic acid nor anti-FasL treatment had any additional benefit with iNOS^−/−^ leukocytes. We conclude that marrow-derived cells in diabetes can kill endothelial cells by release of soluble factors as well as contact-mediated routes, and deletion of iNOS from leukocytes inhibits this process.

![Diabetes enhances the ability of leukocytes to kill mRECs in vitro. Leukocytes from diabetic WT animals cocultured with mRECs caused more cell death than leukocytes from nondiabetic WT mice, and this effect was independent of the glucose concentration (high or normal) in the culture media. Leukocyte-mediated mREC death was inhibited by lipoic acid (1 mmol/L) or a blocking antibody against FasL (1.0 μg/mL) in the cocultures, or by using leukocytes lacking iNOS. mRECs cocultured with leukocytes from nondiabetic mice, white bars; mRECs cocultured with leukocytes from diabetic mice, black bars. *n* = 4. Statistical comparisons indicated by horizontal bars lacking *P* values are all *P* \< 0.001.](3294fig4){#F4}

Since leukocyte-mediated death of mRECs was reduced in the absence of iNOS, we determined which subsets of peripheral blood leukocytes upregulate iNOS in diabetes. Flow cytometry demonstrated that 4.02 ± 2.35% of neutrophils (GR-1^high^, CD11b^+^, b220^−^, CD4^−^, and CD8a^−^) and 3.46 ± 2.67% of monocytes (GR-1^low^, CD11b^+^, b220^−^, CD4^−^, and CD8a^−^) had elevated levels of iNOS in blood from mice diabetic for 3 months, compared with 0.66 ± 0.47 and 0.58 ± 0.64%, respectively, in nondiabetic mice (*P* \< 0.015 and 0.05) ([Supplementary Fig. 5](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1249/-/DC1)). Thus, iNOS-mediated death of retinal endothelial cells is caused by only a small subset of leukocytes.

Evaluation of leukocyte subpopulations on vasculature damage in diabetes. {#s19}
-------------------------------------------------------------------------

To determine which subpopulation of marrow-derived cells was contributing to endothelial death, Ly6G^+^ or CD115^+^ leukocytes were removed by immunodepletion from the peripheral blood of WT diabetic and nondiabetic mice ([@B40]), and removal was confirmed by flow cytometry ([Supplementary Figure S6 and Table 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1249/-/DC1)). Ly6G and CD115 are regarded as markers of cells from granulocyte and monocytes lineages, respectively. Depletion of either Ly6G^+^ or CD115^+^ cells from the leukocytes of diabetic animals reduced endothelial death in coculture experiments by 44 ± 11 and 50 ± 15%, respectively ([Fig. 5*A*](#F5){ref-type="fig"}), compared with a non-immunodepleted aliquot of the same sample. These data are consistent with an interpretation that both neutrophils and monocytes contribute to endothelial death in these cocultures, but since the CD115 immunodepletion also depleted some granulocytes ([Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1249/-/DC1)), the role of monocytes in endothelial death cannot be unequivocally established from this data.

![Neutrophils are a major contributor to endothelial death and vascular degeneration in diabetes. *A*: In vitro killing of mRECs by leukocytes isolated from WT diabetic mice was significantly reduced when the leukocytes were immunodepleted of Ly6G^+^ or CD115^+^ cells (white bars; *n* = 8), or when leukocytes were isolated from diabetic G-CSFR^−/−^→WT chimeras (not immunodepleted) (black bars; *n* = 3). The diabetes-induced increase in endothelial death due to incubation with leukocytes from each experimental group (i) was set to 100% by the formula (SD~i~ − ND~i~)/(Avg\[SD~WT~\] − Avg\[ND~WT~\]). *B*: Chimeric mice lacking the receptor for G-CSFR in marrow-derived cells were protected from diabetes-induced degeneration of retinal capillaries (30 weeks duration of diabetes; *n* = 4). White bars, nondiabetic; black bars, diabetic.](3294fig5){#F5}

The causal role of neutrophils in the vascular histopathology of DR was confirmed in long-term in vivo experiments. G-CSF controls maturation of myeloid precursor cells into granulocytes, and severe neutropenia develops in its absence ([@B41]). Chimeric mice that lacked receptor for G-CSFR only in their marrow-derived cells (G-CSFR^−/−^→WT) were generated, and effects on diabetes-induced degeneration of retinal capillaries were assessed at 10 months of diabetes. Granulocytes were reduced from 18 to 1.6% in the G-CSFR^−/−^→WT chimeras ([Supplementary Fig. 6 and Table 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1249/-/DC1)). Diabetes-induced capillary degeneration was significantly inhibited in G-CSFR^−/−^→WT chimeras ([Fig. 5*B*](#F5){ref-type="fig"}). Coculture of leukocytes from diabetic G-CSFR^−/−^ animals with mRECs likewise resulted in significantly less endothelial death than that detected after incubation with leukocytes from WT diabetic animals ([Fig. 5*A*](#F5){ref-type="fig"}). Efforts to generate chimeras in which marrow cells were deficient in MCSF-R (deficient in cells of the monocyte lineage) ([@B42]) were not successful in long-term studies, because monocytes (CD115^+^, CD11b^+^, and GR-1^low^ cells) unexpectedly repopulated the marrow in diabetic animals but not in nondiabetic controls (not shown).

Effect of iNOS and PARP1 on tactile allodynia. {#s20}
----------------------------------------------

As reported previously ([@B28],[@B43]), WT diabetic rodents develop a hypersensitivity to light touch compared with nondiabetic controls. We show that proinflammatory processes in leukocytes are required for the development of diabetes-induced tactile allodynia. Tactile allodynia developed in both naive WT and WT→WT diabetic animals but not in diabetic iNOS^−/−^→WT or PARP1^−/−^→WT chimeras ([Fig. 6](#F6){ref-type="fig"}). Thus, myeloid-derived cells are major contributors to the dysfunction of peripheral tactile allodynia in diabetic mice, and these processes are regulated at least in part by iNOS or PARP1 within the myeloid cells.

![Pressure on the hind paw required to elicit a response (tactile allodynia) is altered in diabetic mice, and this effect was inhibited in chimeric mice lacking either iNOS or PARP1 in bone marrow--derived cells only. Reported as the pressure threshold at which the paw is withdrawn 50% of the time. White bars, nondiabetic; black bars, diabetic. *n* ≥6 animals per group.](3294fig6){#F6}

DISCUSSION {#s21}
==========

Our current results demonstrate that molecular processes regulated by iNOS or PARP1 in bone marrow--derived cells are critical to the development of diabetes-induced retinopathy and allodynia. Since iNOS and PARP1 both have proinflammatory actions in diabetes and other diseases ([@B4],[@B44],[@B45]), the current study suggests that proinflammatory processes in marrow-derived cells play critical roles in the capillary degeneration and other lesions of the early stages of DR and allodynia.

Although marrow from iNOS^−/−^ animals was transplanted into the recommended background strain, the PARP1^−/−^ bone marrow was obtained from mice derived on a 129S background, so we cannot exclude the possibility that the presence of 129S marrow in a C57Bl/6 host inhibited by a different mechanism the diabetes-induced retinal inflammation otherwise observed in WT→WT diabetic animals. Nevertheless, both 129S and C57Bl/6 are MHC b haplotype, and neither have any known immunodeficiencies that would confound interpretation of histopathology in the current study. The systemic inhibition of PARP1 with PJ34 ([@B5]) has been shown to inhibit diabetes-induced retinal inflammatory-like processes and vascular loss, so we conclude that beneficial effects reported herein for PARP1^−/−^→WT chimeras are most likely due to the lack of PARP1, and not a genetic difference between C57Bl/6 and 129S strains.

Oxidative stress has been implicated in the development of DR ([@B21],[@B25],[@B35]), and systemic inhibition of that stress has inhibited the early stages of DR ([@B6],[@B21],[@B35]). Although several different types of cells found in the retina have been found to produce increased superoxide in hyperglycemia or diabetes, we demonstrate that the coculture of leukocytes from diabetic animals with mRECs results in a significantly higher superoxide output from mRECs than that observed due to high glucose media alone (no leukocytes), leukocytes from nondiabetic animals, or leukocytes from iNOS^−/−^→WT diabetic animals. White blood cells are known to provide products to retinal endothelial cells by transcellular delivery ([@B46]), resulting in production of proinflammatory/toxic products by retinal cells (which we speculate includes superoxide).

We did not observe an effect of diabetes (at 10 or 30 weeks duration) on leukocyte emigration into the neural retina. Whether emigration occurs earlier in diabetes is unclear. We speculate that classical transmigration of leukocytes from the vasculature into the neural retina is not a necessary part of the mechanism by which leukocytes mediate diabetes-induced degeneration of capillaries.

Adherence of leukocytes to the luminal walls of the retinal vasculature clearly is increased in diabetes unless either iNOS or PARP1 is absent from marrow-derived cells, but it has not been clear what role, if any, adherence might play with respect to damage of the retinal tissue. Leukostasis might contribute to retinal damage through vessel occlusion resulting in hypoxia, activation of endothelial cells through ICAM-1 dimerization, or simply as a tether during transcellular substrate delivery. However, some reports ([@B35],[@B47]) have dissociated leukostasis from diabetes-induced degeneration of retinal capillaries.

Leukostasis requires "activation" of leukocytes and endothelial cells. It has been previously reported that iNOS^−/−^ leukocytes challenged with lipolysaccharide exhibit increased binding ([@B48]). Our studies show that CD18 is expressed on the surface of leukocytes in the iNOS^−/−^ chimeras ([Supplementary Table 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1249/-/DC1)). Diabetes-induced increase in ICAM-1 mRNA (marker of endothelial activation) is inhibited in retinas of iNOS→WT or PARP-1→WT chimeras ([Fig. 3*A*](#F3){ref-type="fig"}). Similarly, the diabetes-induced increase in leukocyte superoxide generation (leukocyte activation) is inhibited in leukocytes from iNOS→WT or PARP-1→WT chimeras. We conclude that diabetes is sufficient to activate both endothelial cells and leukocytes in the retina of WT and WT→WT mice but not in iNOS^−/−^→WT or PARP-1^−/−^→WT mice, and the result is that leukostasis is inhibited in the chimeras.

Additional mechanisms by which leukocytes might kill retinal endothelial cells include the FasL/Fas system and the release of reactive oxidant species. We provide evidence that these mechanisms do contribute to leukocyte-mediated endothelial cell death in coculture, and these processes are inhibited when iNOS is absent from marrow-derived cells only.

Diabetes increased mRNA of proinflammatory molecules (TNF-α, iNOS, and ICAM-1) in the retina of WT mice, but not in the retina of iNOS^−/−^→WT and PARP1 ^−/−^→WT chimeras. These results, combined with the diabetes-induced increases in retinal superoxide, suggest that marrow-derived cells from diabetic animals induce inflammation in the neural retina without migrating out of the blood vessels into the neural retina. Nevertheless this inflammation did not cause a reduction in the number of ganglion cells in the neural retina. Although cocultures of mRECs incubated with leukocytes demonstrate that leukocytes from diabetic animals can kill endothelial cells and induce endothelial superoxide generation under those in vitro conditions, it is not clear in vivo if the toxic effects of leukocytes on endothelial cells are direct (i.e., Fas/FasL or transcellular delivery of toxic products such as superoxide) or indirect.

G-CSF controls maturation of myeloid precursor cells into granulocytes, notably neutrophils. Reduced susceptibility of the G-CSFR^−/−^ chimera to develop diabetes-induced vascular lesions of the retina provides strong evidence that neutrophils (and perhaps monocytes) play critical roles in development of the early stages of DR. Both neutrophils and monocytes adherent to the perfused retinal vasculature were observed in diabetic WT and GFP→WT mice. Monocyte function has been reported to be impaired in G-CSFR--deficient animals, thus leading to ambiguity about the role of cells in the monocyte lineage in the pathogenesis of retinopathy ([@B49]). The conclusion that neutrophils, and perhaps monocytes, damage the retinal vasculature in diabetes is further supported by in vitro studies in which the ability of leukocyte subtypes from diabetic animals to kill retinal endothelial cells was assessed. Interestingly, only a subset of neutrophils and monocytes show the diabetes-induced increase in iNOS expression, suggesting that the vascular pathology might only be caused by a small fraction of these cells.

Marrow-derived cells apparently also contribute to the development of diabetes complications in other tissues. Microglia have been implicated in diabetes-induced allodynia in diabetic mice ([@B20]). We extend this by showing that deletion of either iNOS or PARP1 only from marrow-derived cells inhibits the development of this diabetes-induced tactile allodynia. Our evidence that the neural dysfunction is secondary to the activity of these enzymes in myeloid-derived cells has been previously unrecognized. It remains unclear if marrow-derived cells other than microglia are involved in diabetes-induced tactile allodynia.

Future investigations on the pathogenesis of diabetes complications need to expand beyond the traditional tissue- or vascular-specific view of complications to also include bone marrow--derived cells. It is not yet clear what activates the inflammatory-like processes in diabetes, but inflammatory processes in marrow-derived cells offer a new therapeutic target to inhibit the development of diabetes complications.

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1249/-/DC1>.
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